Movement behavior of an indicator species, zebrafish (Danio rerio), was analyzed with one-and two-12 individual groups before and after treatment with a toxic chemical, formaldehyde, at a low 13 concentration (1 ppm). After the boundary area had been determined based on experimental data, 14 intermittency was defined as the probability distributions of the shadowing time during which data 15 were above a pre-determined threshold and were obtained from experimental time-series data on the 16 forces and the inter-distances for one and two individuals. Overall intermittencies were similar in the 17 boundary and central areas. However, the intermittencies were remarkably different between the one-18 and the two-individual groups: the single line was used to fit the data for the one-individual group 19 whereas two phases were observed with breakpoints (approximately 10 seconds in logarithm) in the 20 exponential fitting curves for the two-individual group. A difference in the probability distributions of 21 the shadowing time was observed "before" and "after" treatment for different areas. Intermittency 22 patterns before and after treatment were contrasted in the center for the one-individual group whereas 23 2 the difference was observed in the boundary for two-individual group. The intermittencies for the inter- 
I. INTRODUCTION

38
The analysis of the response behaviors of animals has received considerable attention regarding in 39 situ monitoring of indicator species since computational methods and interfacing techniques were 40 introduced in the 1980's [1] [2] [3] [4] . Monitoring by using behavioral changes is ecologically relevant, 41 economical and faster than monitoring by using method of chemical detection [5] [6] [7] . Due to the high 3 organizing map [7, 14, 16] and multi-layer perception [6, 15] , and is capable of identifying specific exposure to chemical treatment [16, 17] . However, the abovementioned reports mostly focused on data 51 for single individuals, and not many studies were conducted on the responses of multiple individuals.
52
Regarding group formation by multiple individuals, simulation models based on the equations of 53 motion have been proposed to elucidate the collective behavior associated with self-propelled particle 54 systems according to the group (i.e., overall average orientation) and the neighbor (e.g., attraction, 55 repulsion) responses [18] [19] [20] [21] [22] [23] . Group behavior models were also analyzed, and observed data were 56 evaluated; force components of individuals in collective motion were calculated in order to explain the 57 relationship between the individual itself, its neighbors and environmental factors [24, 25] ; individual 58 fish movements were expressed by using the mass, drag coefficient, and external forces. Recently, the 59 importance of nearest-neighbor interactions in group formation was addressed [26, 27] .
60
In this study, we focused on the physical forces produced by one and two individuals under stressful 61 conditions due to chemical exposure. In order to reveal the structure property in the movement data, we 62 addressed the probability distributions of the shadowing time in time-series force data on fish observed 63 in a confined area. Scaling behavior has been increasingly used in analyzing movement behavioral 64 patterns of animals in the wild and in the laboratory. Intermittency is defined as the probability 65 distribution of the shadowing time during which the data are consecutively higher than a threshold 66 number [28] [29] [30] [31] . For time-series data generated from a chaotic system (e.g., attractor), intermittency 67 exhibits a universal algebraic scaling at high frequencies with a slope approximately 3 / 2  while it 68 exhibits an exponential scaling at lower frequencies [28, 30] .
69
Intermittency is among the universal mechanisms that produce chaos from a periodic orbit in 70 a continuous way [32] and has been reported in various fields, including coordination of muscular 71 4 systems [33, 34] , chemical kinetics [35, 36] , laser models [37] , and fluid dynamics [38] . In ecology, 72 flow intermittency regarding biodiversity determination in stream ecosystems has been recently 73 investigated [39, 40] . Intermittency has been further applied to behavior studies. Harnos et al. [41] 74 analyzed scaling and intermittency in the temporal behavior of nesting gilts, reporting that the time 75 spent by a gilt in a given form of activity had a power-law probability distribution, and showed the 
Observations and Recording
125
The observation system consisted of an observation aquarium, a camera (Logitech and 40 for the one-and the two-individual groups, respectively) before and after treatment. 
where m is the mass of the fish, and µ is the friction coefficient in water. However, in our analysis, the 173 mass m is set to unity, and µ is assumed to be 0.05 [21] .
174
To calculate the self-driven force 
Calculation of intermittency
180
The mean value of the absolute of the force measured before treatment was used as a criterion to 181 determine the threshold for the shadowing time ( Figure 2 ). We used one fourth of the mean value as the 182 threshold, after testing various levels of the threshold from one eighth to 2 times the mean value. One 183 fourth the mean value was most suitable in characterizing the probability distributions of the shadowing 184 time in the boundary and the central areas, as well as "before" and "after" treatment. The threshold 185 value based on the absolute value of force was also used for the x-component and the y-component.
9
The shadowing times and their probability distributions were expressed on a logarithmic scale. 
III. RESULTS
191 Figure 3 shows the probability distributions of the shadowing time for forces on individuals observed detailed description of the distribution patterns, however, is beyond the scope of this study and will be 211 reported elsewhere.
212
Intermittency was further contrasted before and after treatment in Figure 4 , and the probability Table 2 lists the coefficients and fittings to the exponential functions in the boundary and the central 217 areas for one-and two-individual groups. For the one-individual group, the probability distributions and after treatment (Table 1) . At the boundary area, slopes were steeper after treatment (-1.38) than 230 before treatment (-1.02) whereas slopes were less steep in the central area after treatment (-1.34) than 231 before treatment (-1.66) ( Table 1) .
232
Forces on the center of mass for the two-individual group were also calculated (Figures 4(g) -(l) ).
233
Compared with the forces on the one-individual group (Figures 4(a) -(f) ), the probability distributions 234 of the shadowing time were different, showing two phases as stated above. In both the x-and the y- (Table 1) . It is also noteworthy that after treatment, the elevation of the intermittency (i.e.,
243
intercepts of regression lines) was lower in both the x-and the y-components in the boundary area Table 1 ).
246
For the absolute forces on two individuals, curves were also formed in the boundary area, more were not statistically different (Table 1) . We also fitted the intermittency at lower frequency (i.e., a Table   257 2). Although not presented in the figures, intermittency curves for velocities observed at the boundary 12 and the central areas were similar to the case of forces (center of mass) both "before" and "after" 259 treatment. However, the intermittency of velocities was weaker in expressing the difference between
260
"before" and "after" treatment. (Table 1) . Although the slopes were not different in the central area, the elevations (i.e., for the statistical significance of the elevation in a regression line).
272
For absolute forces, the probability distributions were also different before and after treatment 
13
We also checked the distribution pattern for forces for all individuals in the two-individual group after treatment for the x-and the y-components, as well as the absolute forces, and these differences 288 were statistically significant ( Table 1 ). In the absolute forces, however, breakpoints were not clearly 289 observed in the central area ( Figure 5(l) ). Overall, the difference in intermittency appeared to be more 290 clearly observed in the boundary area (Table 1) . Similar to the case of the relative force, intermittency Table 2) .
294
We also calculated the probability distributions of the shadowing time for two individuals' inter-295 distance. The difference was outstanding in the boundary area before and after treatment; the curve 296 became rapidly steeper after the breakpoint (Figure 6(a) ). Similar to the case of forces, the break point 297 was formed around 10 seconds. In the center, however, single lines were fitted both "before" and "after" (Table 2) .
304
IV. DISCUSSIONS AND CONCLUSIONS
305
14
It was remarkable that the data structure was fundamentally different between single and two 306 individuals. The breakpoints with two phases in intermittency were observed for short and long
307
shadowing times in the two-individual group (Figures 3(g) , (h), (j) and (k)) whereas single lines were 308 presented in the one-individual group (Figures 3(a) , (b), (d), and (e)). The linearity and the breakpoints 309 were consistently observed both "before" and "after" treatment (Figures 3 -5 ). This indicates that 310 pairwise interaction between two individuals played a key role in determining movement data structure.
311
Recently, the importance of the nearest-neighbor relationship in group behavior was reported. Herbert- 
316
In addition, the intermittency patterns were substantially different "before" and "after" chemical However, the detailed mechanism is currently unknown and more research may be required in this 341 direction in the future.
342
Considering the difference in the intermittency patterns at different locations before and after 343 treatment, especially in the boundary area, the probability distributions of the shadowing time could be 344 utilized as a useful means of monitoring chemical stress. Intermittency in the inter-distance between 345 two individuals was remarkably different between "before (i.e., strong curves with a breakpoint)" and
346
"after (i.e., single line)" treatment in the boundary, as shown in Figure 5 (a).
347
In this study, we did not use the abundance data for the minimal time duration (i.e., the first neighbors to group formation could be more closely investigated.
366
In conclusion, the intermittency of forces and inter-distances in one-and two-individual groups 
457
Numbers in circles present statistical significances "before" and "after" treatment based on the different elevations in the regression in the boundary for the two-individual group. Solid and dotted lines fitting "before" and "after" in the boundary for relative forces whereas the difference was equally observed in the boundary and the 498 center for individual forces. Solid and dotted lines fitting "before" and "after" treatment, respectively. lines fitting "before" and "after" treatment, respectively.
